Background:
Introduction
Sepsis, a complex syndrome caused by infections with an unregulated immune response, is a leading cause of mortality worldwide. [1] [2] [3] Despite the advance in medical care, the mortality rate remains high and ranged from 17%-26% in varied severity and countries. [2] It has been demonstrated that the survived sepsis patients had an increased subsequent long-term risk of major cardiovascular events (MACEs) and associated worse survival rate compared with the general population. [4] [5] [6] Maintenance of long-term post-sepsis survival and being free from its complications, such as MACEs or recurrent infections remains a great challenge. [7] [8] [9] Currently, few studies proposed effective interventions or medications to prevent this compromised course.
Statins (3-hydroxy-3-methylglutaryl-coenzyme-A inhibitors) are widely used in treating hypercholesterolemia and therefore reduce the risk of cardio-and cerebral-vascular diseases. Statins have also been proven to have anti-inflammation and immunomodulation effects, including the reduction of inflammatory cytokines, chemotaxis and neutrophil migration. [10] [11] Because of the proposed pleiotropic immunomodulatory effects of statins, a large number of observational studies and randomized control trials were conducted thereafter, from 2004 to 2013. [12] However, the effect of statins remains a major controversy; most RCTs showed no benefit of statins in mortality during sepsis, but observational studies showed protective effect. Recently, because of the new publication of bactericidal effects of statins, and decreased risk of mycobacterium tuberculosis infection, the use of statins in sepsis raised a new attention. [13] Furthermore, it was also proposed in recent days that different type of statins had exerted varied sepsis protection effects and explored a new prospective. [14] In light of rising incidence and falling fatality rate, to improve the long-term outcomes among the sepsis survivors is increasingly important. In this current study, we hypothesized that statin use may improve the long-term outcome in the first-episode of survived sepsis patients via its potential secondary prevention in cardiovascular and cerebrovascular diseases and recurrent infections. This nationwide population-based cohort study was conducted by using the National Health Insurance Research Database of Taiwan (NHIRD).
Methods

Data sources and study participants
We conducted this nationwide cohort study using data from the NHIRD. The National Health Insurance program was launched in 1995 in Taiwan by the National Health Insurance Administration (NHIA) and it provided coverage for >23.03 million residents (99.2% of the entire population). The NHIA released identification-encrypted claims data to the National Health Research Institute and established the NHIRD. The data confidentiality was strictly maintained in accordance with the regulations of NHIRD.
In the NHIRD, the diagnosis codes of the International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) were used to identify specific diagnoses. Sepsis patients were retrieved from the database by using the ICD-9-CM codes 038, 995.91, and A038. The specificity of the diagnosis of sepsis in the NHIRD has been validated in previous studies. 7 The statins of interest in this study was retrieved from the claims data by ATC codes of C10AA, C10BA, and C10BX.
The first episode of sepsis necessitating admission was defined as the index hospitalization throughout the study. The index date was defined as the discharge date of the index hospitalization for sepsis. The associated comorbid conditions were also identified by using the ICD-9-CM codes; the diagnoses prior to or in concurrence with the index hospitalization for sepsis were considered as the underlying comorbidities.
The patients were regarded as taking a certain kind of drugs if they took them for more than one month within a three month period prior to the index hospitalization. The immunosupressants included the followings: cyclosporin, everolimus, mycophenolic acid, sirolimus, and tacrolimus were also taken into consideration in this current study.
We defined the specific managements or procedures during the hospitalization by using the claims information for insurance charge and these included (1) inotropic agent use, (2) intensive care unit (ICU) admission (claims codes of 02011K, 02012A, 02013B, 03010E, 03011F, 03012G, 03047E, 03048F, 03049G in the NHIRD), and (3) receiving mechanical ventilation (claims code of 57001B).
Initially, we used the NHIRD to retrieve the survived sepsis patients of first episode from 1999 to 2012. The claims data of NHIRD was from 1999 to 2013 and therefore all the included patients were allowed to be followed up at least for one year.
In this current study, we categorized the statin users into four groups according to the cumulative Defined Daily Doses (cDDDs): <30, 30-180, 180-365, and >365 cDDDs during the followup period because the duration of the refill card in Taiwan was 3 months. The study cohort was defined to have the statin use for ≥30 cDDDs after surviving the first episode of sepsis and the cDDDs was calculated from the index date. The comparison cohort was composed of the non-statin users or statin users of <30 cDDDs. In this current study, we also defined the statin user of <30 cDDDs as the non-statin users.
To avoid the bias from selection, we matched the study and comparison cohort patients by using the propensity score matching. The propensity scores used in this study were composed of multiple variables of interest, such as, age, sex, socioeconomic status, urbanization level, baseline comorbidities, calculated via logistic regression. Propensity score matching could reduce the selection bias because it was capable of bundling many confounding covariates that are presented in an observational study.
Data for socioeconomic status, urbanization level, and residential area were obtained directly from the database. We used the paid insurance premiums as a proxy for household income level and the socio-economic backgrounds. We further classified these into total four categories. Those with well-defined monthly wages were grouped into three categories: (1) less than NT$ (New Taiwan dollar) 20000, (2) NT$ 20000 to NT$ 40000, (3) NT$ 40000 to NT$ 60000 and (4) more than NT$ 60000.
The participant selection process of the nationwide databases was showed in Supplement Figure  1 . The sepsis patients aged <20 or >100 years and those infected with human immunodeficiency virus were excluded from this study. Since the NHIRD contains de-identified secondary data for research, our study was exempted from the requirement of informed consent from participants. This study was approved by the Institutional Review Board of China Medical University (CMUH104-REC2-115).
Main Outcomes and Measures
The main outcome was the long-term survival after the index hospitalization between the study (statin users of ≥30 cDDDs) and the comparison cohorts (non-users or statin users of <30 cDDDs).
Further comparisons were conducted to compare the long-term survival within the study cohorts with different cumulative dose (cDDDs of 30-180, 180-365, and >365). Hazard ratios (HRs) with 95% confidence interval (95% CI) were calculated using the Cox proportional hazards regression model.
Sensitivity analysis
Since most sepsis patient readmitted and died soon after discharge, and we mainly focused on the long-term protective effect of statins, we further conducted the sensitivity analyses. We excluded the survived first episode sepsis patients who died within (1) 3 months and (2) 6 months.
Statistical analyses
Differences in demographic characteristics, comorbidities, medications, and socioeconomic status were examined by using χ2 tests for non-continuous variables and two-sample Student's ttests for continuous variables. Hazard ratios (HRs) with 95% confidence intervals (CIs) were calculated for each variable using Cox proportional hazards regression. Adjusted HRs for mortality were obtained after adjustment for possible confounders. The Kaplan-Meier analyses with log-rank test were conducted to compare the long-term survival rate between the study and comparison cohorts.
The statistical analyses were performed using SAS 9.4 statistical package (SAS Institute Inc., Cary, NC, USA). A forest plot was created using Microsoft Excel 2010 (Microsoft, Redmond, WA, USA). A P value of 0.05 was considered significant.
Results
From the NHIRD between 1999 and 2012, we initially retrieved 220,082 first episode sepsis patients. Only a total of 134,444 patients (134,444 of 220,082, 61.09%) survived to discharge and was further included in the study. After propensity score matching of 1:5, we retrieved 7,356 patients as the study cohort and another 36,780 ones as the comparison cohorts. Table 1 summarized the demographic characteristics, income, urbanization, Charlson comorbidity index score (CCI score), baseline comorbidities, and medications between the two cohorts after propensity score matching. The study cohort and comparison cohort had a mean (median) follow-up period of 3.83 (3.12) years and 3.26 (2.05) years, respectively. During the follow-up period, the incidence rate of mortality in the study and comparison cohort was 0.1 and 0.29 per 1,000 person-days, respectively. In the univariate analysis of Cox regression model, the crude HR was 0.32 (95%CI 0.3-0.34) for the statin use. After adjusting for the use of statins (defined as ≥30 cDDDs use), age, gender, income, urbanization, and baseline comorbidities in the further multivariate analysis, the study cohort had an adjusted HR of 0.29 (0.27-0.31) in long-term mortality by referring to the comparison cohort.
Within the study cohort, the statin users with a cDDDs of 30-180, 180-365, and >365 during the follow-up period, the adjusted HRs for long-term mortality were 0.32 (95% CI, 0.30-0.34), 0.22 (95% CI, 0.19-0.26), and 0.16 (95% CI, 0.12-0.23), respectively, and presented in a dose-response manner (P for trend <.0001) (Figure 1 ). In the Kaplain-Meier analysis, we found a better long-term survival rate in the study cohort with a log-rank test of P<0.0001 (Figure 2A ). In the stratification analysis according to the cumulative statin dose, the Kaplan-Meier analysis also showed an increased long-term survival rate in the higher dose user groups (log-rank test of P<0.0001) ( Figure 2B ). In the Kaplain-Meier analysis with log-rank test, it showed a better long-term survival rate in the study cohort (Figure 2A) . Figure 2B In the stratification analysis, according to the cumulative Defined Daily Doses (cDDDs), the Kaplain-Meier analysis with log-rank test showed an better long-term survival rate in the users of higher statin cumulative dose. Table 2 showed the stratification analyses by age, gender, income, urbanization level, CCI score, inotropic agent use, ICU admission, receiving mechanical ventilation (the latter three procedures were conducted during the index hospitalization). All the subgroups showed that statins use was associated with decreased adjusted HR of mortality. Furthermore, the statins use had a more decreased adjusted HR in the groups of CCI score ≥4, inotropic agents use, ICU admission, and mechanical ventilation which were the weaker populations. In the sensitivity analysis, we further exclude the weakest patients who expired soon after discharge. That is, we excluded the patients who died within three and six months post-discharge from the index hospitalization of sepsis, both the adjusted HRs remained significant (adjusted HR = 0.35, 95%CI 0.32-0.37 and adjusted HR = 0.42, 95%CI 0.39-0.45, respectively) for mortality (Supplement Table 1 ).
Discussion
In this current study, we demonstrated that the statins use improved the long-term outcome of survived sepsis hospitalization patients. And we further found that statins use may benefit more in the weaker populations, that is, the patients with multiple comorbidities (CCI score ≥4 in this current study) and of higher severity during the sepsis hospitalization (inotropic agents use, ICU admission, and receiving mechanical ventilation). This nation-scale cohort study skipped the previous nonresolved controversy, "effect of statins prior to or during sepsis courses and the associated hospital outcomes", and provided a new perspective in post-sepsis care program.
Major cardiovascular events
In the case-crossover study by Bohme et al., it demonstrated that the risk of stroke and intracranial hemorrhage remarkably increased post sepsis hospitalization, and the risk increased as the time window got closer to the sepsis event; this relation persisted up to a 1-year period. [15] Similar result was also demonstrated by Ou et al. which further included myocardial infarction, heart failure, and sudden cardiac death as the study endpoints. 6 A longitudinal cohort study with a followup period of over than 6 years conducted by Wang et al. demonstrated that sepsis patients were at increased risk of mortality post sepsis events and about 70% of the death post sepsis was caused by cardiovascular or pulmonary diseases. [ 16 ] The above studies supports our original hypothesis that among these survived sepsis patients, they were at markedly increased risk of all kinds of cardiovascular diseases with subsequent mortality; statin use may reduce these risk factors and therefore increase the long-term survival.
In the study by Bohme et al., it demonstrated that the post-sepsis younger patients were at a higher risk of ischemic stroke compared with the older patients. Our study also showed a better protective effect of statins in the older populations (>40 years) (adjusted HR = 0.29 (95% CI 0.25-0.33)) than in the young population (18-40 years) (adjusted HR = 0.49 (95% CI 0.3-0.81)). This may be explained by the multi-etiology of young strokes post sepsis rather than baseline comorbidity burdens, such as atherosclerosis, associated with increased age.
Anti-microbial effects
Recurrence and new-onset of infection conditions were a crucial issue in post-sepsis survivors. It still remains a controversy that if statin therapy was associated with a better outcome during sepsis hospitalization. In the meta-analysis by Wan et al, they found that in the randomized controlled trials, statin use did not significantly decrease the hospital mortality during a sepsis hospitalization; however, the observational studies demonstrated that statin use were associated with a significant decrease in hospital mortality. [ 12 ] In the above-mentioned clinical trials, statins of interest were usually de novo prescribed to the study populations during the sepsis hospitalization and the placebo users were regarded as the comparison cohorts. However, in observational studies, the statin users were usually pretreated statin users and were further compared with the non-statin users. In a national cohort study by Caffrey et al., it demonstrated in detail that among the patients with Staphylococcus aureus bacteremia, the continuation of statin therapy among pretreated statin users was associated with significant beneficial effects on 30-day hospital mortality, but not in de novo statin users or in pretreated statin users who did not continue statin therapy after admission. [ 17 ] From these studies, it was reasonable to infer that statin therapy should continue for a period up to an effective cumulative dose to exert its protective effects in sepsis. And this is relatively consistent with our study that the protective effect of statins was positively proportional to the cDDDs. 21 ] In the study by Graziano et al., it also showed that simvastatin could be as a potential drug against Staphylococcus aureus biofilm. [ 22 ] These studies may support our second hypothesis that statin use improved the long-term outcome post sepsis by its potential antibacterial effect and therefore reduced the recurrent infections.
Healthy user bias
"Healthy user bias" was frequently proposed as an important bias in the retrospective study of "statins in sepsis outcomes". It was described as the higher health awareness and healthier lifestyle in the patients of statin-users compared with non-statin users. According to this theory, statin users were more likely to seek out preventive health services, such as screening tests and vaccinations. 23 However, it was quite difficult to measure the lifestyle factors, disease prevention behaviors and drugs compliance in observational studies. To reduce the impact of confounding from the "healthy user bias", we used the individual insurance premium as a proxy to adjust for socioeconomic status. And the propensity score matching which included the baseline comorbidities, income, and urbanization level as variables to further reduce the selection bias related to the "healthy user bias". This statistical methodology also helps the observation studies simulate the randomized control trials.
Indication bias of statins
The indication bias of statin may be also challenged in this study. In Taiwan, statins were not available over-the counter; the physicians' decision of statin treatment should not only follow the treatment guideline of the specific diseases but also the payment regulations by the NHIA (Supplement Table 2 ). If the prescriptions were against the rules, the NHIA could not only refuse to pay the medical fee but also punished the physicians with a maximal 100-fold rebound (because the national health insurance program was a single-payer, compulsive insurance coverage policy in Taiwan, and the NHIA had the full authority to control all the medical facilities and healthcare professionals).
Strengths
Our study had strengths. First, this nation-scale study provided a large sample size and longer observation time as mentioned in the title "long-term" rather than the short interval of one year or even shorter period from admission to discharge. Second, the included patients were categorized into four groups according to the cDDDs of statins during the follow-up period (non-users or users <30 cDDDs, users of 30-180, 180-365, and >365 cDDDs). This categorization helped examine the possible dose-response effect in this current observational study. Third, we conducted the sensitivity analyses, which excluded the survived sepsis hospitalization patients who died within the three and six months post sepsis. Most survived sepsis patients died not far from discharge because of multiple factors. From the sensitivity analyses, we could further examine the long-term protective effect of statins.
The major limitations of this study comes from the unavailable data of enrolled sepsis patients, that is, the serial lipid profiles, and body mass index which may change over time. However, in the real world, these data are also hardly to collect once the follow-up time is longer. Second, this work shares the universal limitations of all studies from databases that drug dispensing or prescribing are not the actual drug intake. Third, we did not have the final information of mortality causes of the enrolled patients, such as major adverse cardiovascular events or recurrent infections. We could only explain the conclusions by referring to previous studies.
Conclusions
Statins use may improve the long-term outcomes of survived sepsis patients via complex mechanisms, especially in the weaker populations, such as of multiple comorbidities and higher severity during sepsis hospitalization. Further randomized control trial with long-term follow up should be conducted to further confirm our conclusions. This study was conducted by using the NHIRD in Taiwan. The NHIRD contains deidentified secondary data for research; our study was exempted from the requirement of informed consent from participants. This study was approved by the Institutional Review Board of China Medical University (CMUH104-REC2-115).
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